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ABSTRACT

Ijlectrical conductivities of <0.001hl solutions of Gd(N03)3

and HN03 in DzO and HzO ~vere determined at 25”C. Limiting

equivalent conductance (J!o)~vere calculated by the Onsager

limiting la~,and the Shedlovsky equation. The A“ values in H20

agreed \$,ithin1~~~~it~lthose estimated from the literature. con-

ductivities of non-stoichiometric (nitrate-rich and nitrate-

deficient) gadolinium nitrate systems ~~erealso measured.
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INTRODUCTION

Because of the high neutron absorption cross section of some

of its isotopes, gadolinium can be used to control nuclear re-

activity>.. Injection of gadolinium nitrate solution into the D20

coolant-moderator of the Savannah River Plant (SRP) reactors

provides a supplementary mode of reactor shutdown [I]. The con-

centration of dissolved gadolinium during subsequent cleanup of

the D20 by ion exchange is indicated by in-line conductivity

measurements .

Interpretation of measured conductivities in terms of solute

concentrations depends on (1) the availability of experimental

conductivity data for dilute solutions, and (2) prior characteriza-

tion of the chemical behavior of Gd(NOs)q in the coolant-moderator.

Suitable conductivity data for dilute electrolyte solutions and for

solutions in DzO were not available in the literature. Conductiv-

ities of gadolinium nitrate in HzO at concentrations >0.003F!have

been reported [2]. Conductivity measurements of 0.0002 to O.lL!

gadolinium chloride solutions [3] are the basis for the limiting

equivalent conductance value of the gadolinium ion [4].

I{owever, the concentration of gadolinium cannot be determined by

conductivity measurements alone in nonstoichiometric gadolinium

nitrate solutions that contain excess nitric acid or gadoliniurn

hy(iroxide. Xitrate-cleficient solutions are produced by contact with

the hydroxyl form of the deionizer ion-exchange resin. which

selectively removes nitrate from the solution. Such solutions tend

to precipitate (Gd(OH)s.
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}1spart of a study of the chemical behavior of Gd(NOs) 3 in an

SRP reactor system [5], the conductivity of nitric acid and

gadolinium nitrate at concentrations less than 0.001}1 in 1120and

D20 was measured. Limiting equivalent conductance were calcu-

l~ted for the nitric acid and gadolinium nitrate systems. Commer-

cial apparatus was used that could later be adapted for off-line

tinal)’sesof process sar,pl?s, if ~e~ll~ire~.

EXPERIFIENTAL

Apparatus

Conductivity was measured with a KlodelRC-19 conductivity bridge

[Beckman Instruments, Inc.), which has a stated accur~cy of +0.25?~

of the reading. k!easurements were made at a frequency of 100 IIz.

The bridge was balanced \iith respect to both resistance and

capacitance. Supplemental capacitance was furnished by external

decade capacitance units. A capacitance of wO.7 UF was required

for the more concentrated (0.00INI)solutions. This caused a read-

out error only slightly greater ‘tIlan0.25°0 [6].

The conductivity cell was a Beckm:lnlfodclCEL-KO1 dip-type cell,

The CC1l constant was certified by the manufacturer to be 0.100 cm-l

io .~~?”. The cell was attached to a 50-mL glass container by a

rubber sleeve so that the cell could be withdrawn from or inserted

into the solution without opening the system. The container was

equipped with ports for addition of X2 and electrolyte solution.



The system ;tiasmaintained at 25 I 0.05°C in a constant.-temperature

water bath. At the time of each conductivity reading, the temperature

t~asverified by a certified thermometer (Sargent \ielch)next to the

glass container.

Reagents

The D20 and llzOwere purified by passing them through columns of

.Amberlite@ &lB-lmixed ion-exchange resin (Rohm and E[aasCO.). Triply

distilled 1~20,purified for radiolysis experiments, was also used.

Density measurements demonstrated the isotopic purity of the D20 to

be greater than 98 VO1 “~. The background conductivity of these

solvents was between 0.3 and 0.7 Umho/cm.

The Fl:iOSwas ULTREX (J. T. Baker Co.) ultrapure quality.

Stoichiometry of the Gd(NOs)s was ensured by adding gadolinillm

oxide (99.9”0,.Atomergics Chemetals Co.) to a concentrated solution

of gadolinium nitrate (99.9°t,Alfa Products) and titrating with

dilute IINOS [7].

Nitrate-rich solutions were prepared by combining gadolinium

nitrate and nitric acid. Xitrate-deficient solutions were p~epared

by selective removal of nitrate from gadolini~~m nitrate solutions

by anion exchange [5].

Procedure

Fift~rmilliliters of solvent (IizOor D20) was equilibrated under

a~ : o.05°C ~~ntij ~~1~~ondLl<ti~it~ ~(:lSa stream of nitrogen at -+

constant (:lbollt30 minutes) .
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Increments of O.lKIso~ute [Gd(NOs)s or HXOS] in HzO or DPO t~ere

then added from a micropipet. The conductivity \iasmeasured after

each addition, by alternately ~<ithdra~’ingand inserting the con-

ductivity cell into the stirred solution until successive measure-

ments yielded a constant conductivity}’. The nitrogen purge of the

gas space ~~’ascontinued throughout the measurements.

The final solute concentrations ~,eredetermined by titration.

Intermediate concentrations \\’erecalculated. Gadolinium ion ~vas

titrated in hexamethylenetetramine hydrochloride buffer at pH 5.5,

with O.OlklNazHzEDTA* and xylenol orange indicator [8].

hydrogen ion \\astitrated to pi-l7 ~vith O.OIN NaOII. ,4blank correc-

tion to the titration ~iasnecessary for each solvent. The effective

concentration of the NaOll for titration of these dilute solutions

~~rasdetermined by titration of 1OO-PL portions of O.lLTHC1, pre-

viously standardized w-ith tris-(hydroxymethyl) a-minomethane (NBS

Standard Reference Nlaterial) [9].

Supplementary measurements }vith KC1 and HC1 solutions [10]

demonstrated the validity of the analytical techniques and the

conductivity measurements and verified the value of the cell

constant.

* G. Frederick Smith Chemical Company “Primary Standard”;
EDT,\= ethylenediamine tetraacetic acid.
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Calculations

The equivalent conductance (A, in mho-cmz per equivalent) of

emch solution was calculated from

,$=,, 0.001 (G-Go)/hlz (1)

where

G = specific conductance, or conductivity, of solution, ?Jmho/cm

= (cell constant) x (bridge reading with solution)

Go = specific conductance, or conductivity, of solvent, pmho/cm

= (cell constant) x (bridge reading with solvent)

F[= Concexltration of solute [11N03or Gd(N03)3] in solution,

moles/liter

:= number of equivalents/mole of solute

= 1 for HN03

= 5 for Gd(XO~)3

Limiting equivalent conductance, !lO,were derived by extrapola-

tion of the experimental data to infinite dilution (hl+O) by two

st~ndard methods [4]. The first uses the Onsager limiting law,

which is al)plicable to dilute solutions:

AO=A+A& (~)

where .(is a constant. The second method uses the equation of

Shedlovsky:

)L+B*fi
!1,01.— —— — (3)

1 - B1 i~

The constants B1 and Bz are the relaxation term and the electro-

phoretic t Cm, respectively deri~~ed from the theory of con–
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ductivity. Values are listed in Table 1. Tabulated values of Bl

and BZ for the IJzOsolutions \iereused [4]. Values for DzO

solutions }~rerecalculated, using tabulated values for the l~iscosity

and dielectric constant of P20 [11].

RESULTS AND DISCUSSION

Pure Solutes

The experimental data are presented in Table 2 as molar concen-

trations and equivalent conductance calculated with a cell con-

stant of 0.1002 cm-l. The trend of the gadolinium nitrate data is

(,enerallycoilsistent,b to higher equivalent conductance at lo~~er

concentrations. The nitric acid data are less satisfactory,

sho~;in~considerable scatter. It should be recognized, ho~,’ever,

that the nitric acid solutions are three-fold less concentrated than

the g~dolinium solutions in terms of electrical equivalents.

In Figures 1 through 4, the Onsager and Shedlovsky interpreta-

tions of the experimental data are compared for each solvent-solute

system. For the Onsager limiting la~u,Equation 2, a least-squares

straight line has been dra~;nthrough the equivalent conductance

data, to locate the intercept ,fl”. For the Shedlovsky interpreta-

tion, Equation ~, a line is dra~~nthrough the average of the ho’

values. The limiting equivalent conductance, i4°,obtained by the

tl~omethods, i.e., the intercepts at the ordinate, are nearly the

same.



Table 5 summarizes the limiting equit’alent conductance

determined in this work and compares them with literature values.

The concluctances obtained by summing limiting ionic conductance

~re about 1“~lower for gadolinium nitrate and 0.5% higher for

nitric acid than the values found in this work. The limiting

equivalent conductance of gadolinium nitrate in H20 [12],estimated

from published data for 0.003 to 0.05L1gadolinium nitrate solutions

[~1, is also lower than the value determined in this work. The

\,alue foL1lldfor gadolinium nitrate in D20 is higher than th?.t

estimated from the literature data for HzO using lfalden’s rule [4].**

In Table 4, the experiincntal values arc examined for their

adherence to lialden’s rule. Agreement between theoretical and

experimental values is good in the gadolinium nitrate system, re-

sembling values for other salts, potassium chloride and sodium

chloride. Deviations from the rule for the nitric acid system are

similar both in direction and magnitude to conductivity ratios

reported for nitric acid and hydrochloric acid.

Mixtures

Conductivities of nitrate-rich and nitrate-deficient [5] mix-

tures were measured to determine the effects of non-stoichiometr~’.

~lcasured and calculated conductivities are compared in Table 5.

** ~~aldcnls rule states that the producL of the viscosity Of the

solvent and the limiting equivalent conductance is constant
for a given solute.
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!Itthese lolticoncentrations, the conduct ivities of gadolinium

nitrate and nitric acid in the nitrate-rich system are nearly

additive. The measured conductivity of a solution containing both

solutes at concentrations of 0.0003)1Lras only about 1?6Io\tierthan

the sum of the measured conductivities of the individual 0.0003kl

solutions .

For nitrate-deficient solutions, the observed specific conductance

is slightly lo~rerthan that calculated by assuming that all the

SOltlblc gadolinium*** is gadolinium nitrate. The calculated total

conductivity based on total ~adolinium is much higher than that

observed.

The measured conductivity of solutions k~rithvarious degrees of

nitrate depletion is sho~~rnin Figure 5. The solutions contained about

0.001!1total gadolinium, but were not visibly turbid. The conductivity

is roughly ~>roportional to the concentration of soluble gadolinium.

The slope of the straight line provides an estimate of the effective

equivalent conductance of gadolinium nitrate in this system: about

1~~ nlho-c~2 per equivalent in 1-120and about 102 mho-cm2 per equivalent

in DzO. These equivalent conductance are similar to those of

stoichiometric 0.00INIgaclolinium nitrate.

*** soluble gudolinium is defined as gadolinium not retained lJY

filtration through a 0.45-micron ~lilliporc3 (}lilliuoreCorpora-,
tion) filter.
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Table 1

Solute Solvent B~ B2

Gd(xo3) 3 F[zo ~.~~~g 297.12’~
Gd[No3)3 D20 1.3272 ~40.55

[[No3 tI~o 0.2500
~oe65.!.

DXO s D20 o.~302 49.10

.~.
Ref. [5].



Table 2

9.525

9.465
9.426
9.261
7.612
5.736
4.6.35
.5.S14
2.343
1.91(1
1.165
0.977

.—

10.33 102.5 11.S6
10.11 10.3.1 9.906
9.161 103.3 9.781
9.114 103.3 9.712
6.S57 104.s 7.941
6.805 104.7 7.s32
4.650 107.1 7.777
4.644 106.7 5.9{57
2.327 109.3 5.ss0
2.325 109.5 5.839
1.151 111.2 3.924
1.150 111.1 3.89b

1.964

412.9
414.5
41.3.1
414.1
414.7
414.9
414.2
.11(>.3
414.9
414.7
417.0
~116.9
415.4

12.91 305.1
12.84 305.4
11.77 304.6
10.8.5 302.3
lo.7~ 304.6
10.71 504.5
10.78 304.6
9.S16 305.6
S.685 303.7
8.642 505.8
8.595 305.s
S.5SS 30-1.4
7.S61 504.9
6.527 305.4
6.494 506.2
6.459 306.2
6.454 504.9
5.901 304.7
4.360 504.3
4.33s 307.5
4.315 307.s
4.311 305.6
3.93s 305.1

.
.

~..~.Cell constant = 0.1002 cm-l.
~ Conccntrati.on is FIx 10-” moles/liter.
I!is ecluiv<llentconductance, ~~lho-cm2/equi\~alel~t.
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I,i.mitinqEclui.valcnt Conductance, mllo-cI112/eCl~liv:llent,l~y___________ ______..
Onsagcr Slledlovsky~, Sunlof lonit~,

.——
];stimated From

SOiLlte Solvent E{{Llation2fl” F:(]uation3 Conductance:;”~””( litc]-at~lrcq
——- ——.c

(;d(N03)3 112,0 140.() f ().5 110.3 1 0.5 138.76 137.() f 0.2
G(1(N03)3 [!,20 115.4 f 0.2 115.3 i 0.3 112.7 f 1.3$$
11N03 1120 419.2 t 0.8 ~i19.o t ().8 4~1.~6

I)NOj L)20 307.7 i 1.1 30s.4 i 1.1

.— —.——

“t
IlldicateclI~recision measure is standard deviation..].;
i{ef.5

~; [{cf.3,12

{Valden’s rule (Ilef.5).



Table 4

Systcm Temperature, “C 11°
1120/’q01)20= “D20/~*[20 ‘eference

‘Theoretical
Gd(>JOQ)~
IINo~(nYoq)
Theoretical
Kc1
Xacl
[IC1(DC1)
11N03(I)X03)

25
25
25
1s
18
18
18
18

11
This work
This ~$ork

11
11
11
11
11

—



Concentration in 1120,molarit}r
Solute (;d(N03)3

.—.
ilNo3 ‘1’otiil(;L1 – solfibTeTd

Table 5

.—. .—.

~>ecific Con(luctanccj Lmlllo/cm
ol)scrved (:alC.U1:ttcd

— ..-— —-. ..—.———.——————..—...———— —-— -.—— _.—-—_—..—— ————.———. . ..

Gcl(No3) 3 0.0003 112.1

[INO 3 0.0003 - l’20.~

GC1(X03)3 + 11N03 ().0()03 ().0()03 - 230.1 2X2.7

(nitrate-rich)
Gd(xo3)3 + Gcl(olI)3 0.00058 0.00041 151 159(solul>le Gel)

(ni.trate-deficient) 230(total Gd)

I
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Fig. 3. Equivalent conductance of HNOS in HZO at 25°C
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